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Abstract
The Air Force Research Laboratory's Munitions Directorate is looking to
extend the range of its small smart bomb. One proposed idea is to retrofit the
bombs with a wing kit, particularly a joined wing configuration. A typical joined
wing configuration is one where the wings are positioned in such a way that they
form a diamond in both plan and front views. The purpose of this study is to
conduct low speed wind tunnel testing of the joined wing configuration to help
determine if the joined wing is more beneficial than a single wing configuration.
Configurations with differing sweep angles and tip interconnects will be tested in
the AFIT 5' wind tunnel. The lift, drag, and pitching moment coefficients will be
ascertained. All researched literature indicates that certain joined wing
configuration outperforms its single wing counterpart.

xv

WIND TUNNEL INVESTIGATION OF JOINED WING CONFIGURATIONS

I. Introduction
Background
Early aircraft designers realized the benefits of a biplane - it had more
lifting surfaces and therefore could produce more lift. Unfortunately, the wires
that structurally held the wings together created a lot of profile drag, which
practically voided the added benefit of the extra lifting surfaces [1]. The
movement was then towards the commonly seen single wing of today. It was
structurally sound and did not have the incredible profile drag the biplanes had.
Today, however, with the advent of new materials and structural ideas, the
biplane concept is no longer plagued by the high profile drag. One of the
upcoming configurations for the biplane is the joined wing. The joined wing not
only creates a more structurally sound wing system, it also cuts down on the
vortices shedding off the wingtips, thus helping reduce the induced drag [1]. The
joined wing also offers more area for control surfaces, making it very stable.
With this increase in lift and stability and reduction in drag, the plane could
theoretically have a longer range or be lighter in weight compared to its single
counterpart.
Current Studies
During the 1980's, Julian Wolkovitch was a leading expert and advocate of
the joined wing [1]. Today, many companies and organizations are continuing
his work to make the joined wing configuration a flying reality. Lockheed Martin

is looking to incorporate the joined wing design on the next generation tankers.
The hope is that the joined wing tanker, designated the New Strategic Aircraft,
will be able to carry more fuel and have a two-boom system, thereby allowing the
Air Force to refuel more planes with fewer tankers. A radio-scaled model has
flown eleven successful flights, validating Lockheed Martin's choice of the joined
wing configuration [2,3]. Other companies are looking to validate the joined wing
as well. NASA Langley (LaRC) has been working with the Boeing Military
Airplane Company to verify Boeing's joined wing design. So far, tests have been
run in the LaRC 16-foot transonic tunnel at Mach 0.32 to 0.9. The Boeing
configuration is proposed to replace the Navy's E-2C Hawkeye [4]. Aside from
the experimental tests, many people are developing CFD programs to analyze
the joined wing configuration [5-7]. Figure 1 shows a picture of such a CFD
analysis conducted by Boeing [7].

Figure 1: CFD Analysis of Flow Over a Joined Wing Configuration

Despite all of this research into the joined wing configuration, there is still
much to learn and study.
Problem Statement
The Air Force Research Laboratory (AFRL) Munitions Division is looking
to extend the range of a 250-pound smart bomb [16]. With the bomb able to
travel that much farther, the pilot can release the payload and fly out of the war
zone that much sooner -- possibly preventing the aircraft from being shot down.
One of the proposed ideas is to retrofit smart bombs with wing kits for range
extension. Instead of adding just a single wing system, the Munitions Division is
interested in finding out if the joined wing configuration is substantially more
beneficial than its single counterpart. In addition, it is desired to determine what
type of wing tip connectors, curved or straight, will maximize the aerodynamic
performance of the joined wing. It is the scope of this study to determine the lift
and drag and pitching moment of several joined wing configurations. These
results could help determine if the joined wing is indeed more beneficial than the
single wing.
II. Literature Review
Overview
Julian Wolkovitch defines the joined wing as "arranged such that the wings
form diamond shapes both in plan view and front view" [8]. Figures 2-4 depict
two types of joined wing and the single wing. Biplanes and joined wings can be
described in terms of the stagger of the wings. Stagger is the longitudinal offset
of the two wings relative to each other. A positive stagger configuration is one

where the top wing is closer to the nose. Differing staggers can be seen in
Figures 2 and 3. The joined wing configurations, if designed correctly, have
many benefits over the single wing. This chapter will discuss those benefits, as
related by various researchers, in terms of aerodynamics, stability, design
options, and in comparison to the single wing

Figure 2: JW Joined Wing Configuration, Negative Stagger [14]

Figure 3: Swept Forward/Swept Rearward (SFSR) Joined Wing
Configuration, Positive Stagger [14]

Figure 4: Single Wing Configuration [10]

Light Weight
The joined wing can offer great weight savings based on a number of
factors. Just comparing a joined wing with a single wing that has the same
airfoil, equal parasite and induced drag, and taper ratios, the joined wing is about
24% lighter than the single wing plane [8]. This has a lot to do with the
chordwise tapering. Skin thickness helps to provide structural stability in the
wings. Less skin thickness is required in the joined wing because of its bracing
of the wings. This reduces the overall weight of the wing [9]. Figure 5 shows the
chordwise tapering of the wingbox and the skin thickness for the joined wing.

WINO BOX EXTENDS FROM S% TO 75ty CHORD

SHADED REGION INDICATES EQUIVALENT SKIN THICKNESS,
ie. AVERAGE OF LOCAL SKINS, STRINGERS AND SPARS.
EQUIVALENT SKJN THICKNESS IS EXAGGERATED FOR
CLARITV, TO EMPHASIZE THE TAPER.

Figure 5: Internal Structure of a Joined Wing [8]
An added benefit besides the weight savings that the smaller skin
thickness offers is that a larger wing box can be employed - one that extends
from 5% to 75% of the chord [8,9]. This adds to the amount of fuel that can be
carried, thus extending the range. Figure 6 shows the optimum wing structures
for the single wing and the joined wing - depicting the extended wing box, and

the chordwise tapering. As can been seen, the single wing has a more
rectangular wingbox that is positioned in the thickest part of the airfoil. The
joined wing has a wingbox that follows the contours of the airfoil and
encompasses the entire airfoil. With this enlarged wingbox in the joined wing,
more fuel can be carried. It must be noted that this design point may not always
be needed. For instance, in this study the wings are solid and are not used to
carry fuel. Consequently, there would not be the added weight savings from the
smaller skin thickness.

Cantilever Wing

7
'
\ for FlapsStJ
|_ Available for Fuel ^Ailerons j

Joined Wing

Figure 6: Optimum Wing Structures [9]
In another study, the weight of the joined wing was 65 to 78% less than
the single wing system that had the same gross projected area, equal taper ratio
and magnitude of sweep angle, and equal ratio of front to rear lifting surface
projected area [9,10]. This is one of the first examples of how hard it can be to
compare the joined wing and single wing configurations. Depending on which
parameters one tries to match can give quite different results. As indicated
above, in the first case the joined wing was 24% lighter where in Reference 9,
the joined wing was 65% lighter. Each study equated different parameters
between the joined wing and the single wing, causing this disparity. This shows

the importance of paying attention to the parameters cited in order to compare
different sources accurately.
Other factors that tend to reduce the weight of the joined wing are
reduction in sweep, large dihedrals, and joining the wings inboard of the tips.
While joining the wings inboard will reduce the weight, the tip joined
configurations tends to have more aerodynamic advantages that may be more
beneficial to have over the weight savings [8,9]. These advantages, such as
higher span efficiency factor, will be discussed further in a later section.
The effective beam depth, d', is defined from the root centerline chords of
the front and rear wings as seen in Figure 7 [8,9]. The effective beam depth is a
way to refer to the "total" depth of the joined wing system as opposed to the
depth defined on the single wing shown in Figure 8. Because of this effective
beam depth, it was found that the weight of the joined wing is not as sensitive to
the thickness/chord ratio as a single wing. Therefore, thin airfoils can be applied,
allowing this wing system to be effective during supersonic flight. With thin
airfoils comes even more weight savings [8].
"* -|

—

■'' "^

rear wing root

front wing root

Figure 7: Effective Wing Depth of Joined Wing [9]
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BEAM DEPTH-0.12c

Figure 8: Beam Depth of Single Wing [8]
Joined wings are not always necessarily lighter than single wings. Weight
will be saved only if the geometric parameters of the joined wing are properly
chosen and if the internal wing structure is optimized [9]. In general, though, the
standard joined wing and swept forward/swept rearward configurations tends to
be lighter than the single wing with the same flight mission.
Stiffness
Since the two wings form a box-like structure, they tend to prevent each
other from bending or twisting. This gives the joined wing a very high stiffness,
both torsionally and flexurally [11]. Reference 8 conducted a study on the tip
deflection of a joined wing compared with a single wing. The tip deflection of the
single wing can be up to 2.8 times that of the joined wing when both systems
experience equal vertical loading at the same lift to drag ratio. This can be
attributed to the stiff, box-like structure of the joined wing system. This added
stiffness of the joined wing allows higher aileron effectiveness, probably due to
the fact the "flapping" of the wings would tend to counter the force of an aileron
deflection [9].
In a negative stagger configuration the rear wing is in compression during
positive "g" loading. Since many aircraft and missile maneuvers experience

8

positive g's, it was feared that the wing could buckle under such a loading.
However, this has not been a factor for any negative stagger, joined wing
configuration studied thus far [8,9]. The added support of the front wing more
than likely prevents the rear wing from failing.
Drag
The main concern of the early biplanes was the large amounts of profile
drag the wings would experience due to the structural wires. As it turns out, in
most design considerations the joined wing will have a lower overall drag than
the single wing. This is mainly because it does not need the wiring that caused
the high profile drag a biplane did for structural purposes. In addition, the joined
wing produces a much lower induced drag -- also contributing to the low total
drag. Many other drag-reducing elements are discussed below.
Most will concur that the induced drag on the joined wing is lower than the
single wing when comparing systems of equal lift, span, and dynamic pressure
[6,8,9,11,12]. Two factors make this possible. First, swept wings tend to have a
higher induced drag because the lift distribution cannot be approximated as
elliptical. However, "swept wings can have the same induced drag as straight
wings of the same aspect ratio -- provided that the lift distribution is the same"
[13]. By choosing the proper twist and camber, the adverse effect from the swept
wings can be improved [8]. Secondly, the Prandtl-Munk biplane theory shows
that the span efficiency factor, e, can be greater than one for biplanes, especially
with winglets [8,9,10,11]. This is because the vortex sheet shed by the front wing
remains undistorted and parallel to the freestream. Two corrections must be

applied to the Prandtl-Munk theory: one for the downward drift of the vortex sheet
shed by the front wing and the other for wing-body interference and for loss of
leading edge suction. However, for most joined wings these two approximately
cancel out, so no real modifications are necessary [8]. Unfortunately, because of
the large stagger for joined wings, the theory predicts span efficiency factors
much lower than those obtained in wind tunnel tests [8,9]. Kuhlman and Ku were
able to develop a computer program that would theoretically calculate the span
efficiency factor for joined wings [18]. Figure 9 depicts the span efficiency factor
as it varies with winglet size and the dimensions of the wing. The fact that the
span efficiency factor is greater than one is good for the joined wing -- the higher
the efficiency factor, the lower the induced drag. Joining the wings inboard of the
tips drastically reduces the span efficiency factor to the point the induced drag is
within 2-3% of the single wing [9]. The large dihedrals used for reducing the
weight also help reduce the induced drag [8].
■r~ii».' i—i

..i..:.!.,'.'!.'!'"—»"

hfl>=*U7.
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Figure 9: Span Efficiency Factor for Joined Wings [18]
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In Reference 14, the induced drag of a single wing, the JW joined wing,
and the swept rearward/swept forward (SFSR) joined wing configurations were
examined. Each configuration had differing aspect ratios of 12,17.8 and 16,
respectively. It was found that the JW joined wing had the highest induced drag,
even with the highest aspect ratio. The single wing had the second highest
induced drag followed by the SFSR. While only the SFSR had a lower induced
drag than the single wing in this study, looking at the JW joined wing in other
design conditions may yield results that the JW joined wing has a lower induced
drag than the single wing.
Profile drag is the sum of skin friction drag and pressure drag due to
separation for a two-dimensional body. For a three-dimensional body, this sum
is typically known as the parasite drag [17]. Overall, the parasite drag for joined
wings tends to be lower than that of the single wing due to the reduced wetted
area of joined wing configurations. With less area comes less frictional drag.
However, close attention must be paid to the adverse effects. The Reynolds
number based on chord can be 60 to 65% that of a single wing of the same area
and span. To achieve the same area with the same span, the chord on the
joined wing must be smaller thus giving the lower Reynolds number. Another
adverse effect is the increased ratio of wetted area to lifting area due to the
dihedral cosine effect. This can increase wetted area by 3.5%. These adverse
effects must be balanced and ultimately exceeded by the positive effects.
Among the positive effects of the joined wing are reduced wing area due to high
trimmed CLmax, reduced fuselage wetted area due to reduced length, and
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improved wing-fuselage interference [8]. To optimize the reduction of parasite
drag for joined wings the configuration should be designed such that the wings
do not overlap in plan view. This can induce a venturi effect that in turn
increases drag. The front wing root should be placed in a favorable pressure
gradient on the fuselage to reduce separation. In addition, natural laminar airfoils
should be chosen when using tip joined configurations to increase the wing
Reynolds number. Finally, to minimize separation, fillet the junction of the rear
wing undersurface [9].
Even though the consensus is that parasite drag is lower for joined wings,
it is still open if the skin friction drag, commonly called the viscous drag, is lower
than its single wing counterpart. Since the skin friction drag is part of the parasite
drag, it follows that the pressure drag must be that much lower for the joined
wing in order to make the parasite drag lower for the joined wing configuration.
Some have stated that under the best of conditions the joined wing does indeed
have a lower viscous drag [1,6]. However, the other thought is that because the
Reynolds number can be so significantly lower for the joined wing, the viscous
drag is higher than that for the single wing. It can be seen in Reference 17, that
for the top surface of a flat plate, the skin friction drag coefficient for laminar flow
is given as:
1.328
cf=-i=

(1)

where the Reynolds number is based on the total plate length c. Therefore, as
the Reynolds number decreases the skin friction drag coefficient increases,
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causing a higher skin friction drag. Because the skin friction drag is also based
on the reference area, there may be a point where, as one is decreasing the area
to obtain a lower Reynolds number for a higher skin friction drag coefficient, the
skin friction drag is ultimately reduced. The swept forward/swept rearward
configuration can offer a reduction in viscous drag over the JW joined wing
configuration. The JW joined wing has an even higher viscous drag, not only
because of the low Reynolds number due to the shorter chord, but also because
of the negative stagger. According to Reference 14, negative stagger
configurations tend to have early boundary layer separation that contributes to
drag. Unfortunately, because of these adverse effects none of the joined wings
tested in Reference 14 have a lower viscous drag than the single wing.
Two other types of drag to consider are wave drag and trim drag. Low
wave drag is advantageous for transonic and supersonic flight [8]. Thin airfoils
are a primary factor in reducing wave drag. The fact that thin airfoils can be
applied to joined wings makes them a great choice for the transonic or
supersonic regime. Joined wings are also noted for their good transonic area
distribution. Trim drag can essentially be disregarded for equal span wings
during cruise. In general, the trim drag is approximately 1% of the induced drag
[8,9].
Stability and Control
One of the obvious benefits of the joined wing is the availability of more
control surfaces than the typical single wing as shown in Figure 10. With the
control surfaces on each wing, there are added maneuverability and control
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capabilities. Direct lift control and direct side force control can be achieved [8].
Since the joined wing has effectively four places for control surfaces as
compared with two for a single wing, the joined wing can offer more stabilizing
features. Inherent in the joined wing configuration is a pitch damping value twice
of a single wing. Also, longitudinal stability is achieved with very little static
margin. There is good spiral stability and no Dutch roll to speak of. The only
problem that has occurred is a modest pitch down at high lift coefficients [8].
This can be solved by either shifting the aerodynamic center, which could need
large control deflections, or by adding strakes. The strakes tended to reduce the
pitch down motion while slightly increasing the maximum lift coefficient [9].
Because of the great stability of this configuration, there is no longer the
need for the tail to be so far downstream in order to produce a long moment arm.
Thus, the fuselage can be shortened, thereby reducing the weight a great deal.
High Lift
One of the major benefits reaped by the joined wing is its high trimmed
CLmax [8,9,11 ]. In general, for a statically stable joined wing configuration, when
the front wing reaches its CLmax, the rear wing has generated much less lift than it
is capable. While, this does give good recovery properties, with the rear wing not
reaching its dmax implies that the rear wing is oversized, unnecessarily adding
weight. In addition, the rear wing loading is 50-60% of the front wing. If the wing
system can be designed to let the front wing stall when the rear wing is at its
optimum point, the system as a whole will be more efficient. This can enable the
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Figure 10: Control Deflections of the Joined Wing [8]

joined wing to have less wing wetted area than the single wing and still achieve
the same lift as the single wing plane. The less area can also go towards a large
weight reduction or, since range is a function of lift coefficient, towards an
extended range [6,15]. Conversely, the span of the joined wing could be
increased, maintaining the same weight, thereby reducing the induced drag,
allowing for thin airfoils and a faster cruise [9]. As stated before, one must keep
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in mind the mission of the plane in order to design the joined wing optimally for
the desired features. One must be careful, however, in comparing the joined
wing and the single wing configurations. For starters, the reference areas used
to define the lift coefficients must be equal [9]. Secondly, it has been shown that
for biplane airfoils, it is necessary that the camber be increased in order to get a
Cunax equal to that of single airfoils. The joined wing configuration has a unique
characteristic of inducing camber. The induced camber is a result of the flow
being curved by each wing and can be either positive or negative. It will vary
based on the spanwise variations in gap and stagger angles [8,9]. This tends to
make it impossible to compare the joined wing and single wing if the same airfoils
are used. In using the same airfoil, it has been shown that the joined wing
configuration will suffer from premature flow detachment [8]. A variable camber
has been suggested for optimum performance, especially for missiles. As the
fuel is consumed, the wing loading is decreased. If the camber is reduced in
such a way as to maintain the highest lift to drag, the range will be at a maximum
[8]Other ways to increase the lift is to add a canard of low aspect ratio, high
sweep, and a sharp leading edge [8]. Not only does it augment the lift as seen in
Figure 11, it adds to the stability of the craft. It helps correct the shift of the
aerodynamic center giving a more constant static margin [8]. It also helps delay
the front wing from stalling so early [9]. As stated before, this can ultimately lead
to a weight reduction. Adding a canard is a win-win situation in that it helps the
stall features as well as adding lift [8,9,11 ].
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Figure 11: Measured Variation with Angle of Attack of Untrimmed Lift
Coefficients Referred to Total Exposed Areas of All Lifting Surfaces [9]

A proper choice of twist and cant angles can give a higher lift to induced
drag ratio than the single wing. In comparing swept forward/swept rearward
joined wing configurations, it was shown that larger gaps gave the highest lift to
induced drag ratios [14]. In a separate comparison, the joined wing with a
positive stagger and a cant angle of 30° yields the highest lift to induced drag [1].
One final note is that in comparing lift to induced drag coefficients, the positive
stagger joined wing with 30° cant is significantly better at the lower lift coefficients
than the single wing of differing aspect ratios. As the lift coefficient increases the
joined wing and the single wing have about the same performance [1]. Once
again, optimization of the joined wing is essential in determining the best
configuration.
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Miscellaneous
There are many other benefits that can be realized with the joined wing. A
number do not fit into the categories above and will be described here.
The joined wing outdistances the single wing, especially at high altitude
[8]. The Breqeut range formula can be used to compare the two configurations
flying at the same condition [19]. It is assumed that the configuration has a
power plant and expends fuel. The range formula is given as:

dR

=

v

dW~-CT

=

V

V L/D

-CD

-CW

(

)

(2)

and once integrated yields:

C D

Wx

(3)

where V«, is the free stream velocity, C is the specific fuel consumption, L is the
lift, D is the drag, W0 is the initial weight, and Wi is the final weight. Taking a
range ratio between two configurations can predict by what percent a
configuration can outdistance another.
Unfortunately, the advantages of the joined wing decrease as its wing
area is reduced. It has also been shown that among the different joined wing
configurations, the swept forward/swept rearward (SFSR) system can travel
13.8% farther that the standard joined wing [14]. If it is necessary to fly at low
altitudes, the joined wing plane is more maneuverable than the single wing plane,
especially when flying above 3g's [8].
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It is best to keep in mind that not all advantages can be gained at once.
There is a lot of optimization and design that must be done [11]. It is
recommended that a new fuselage is design specifically for the joined wing - not
retrofitting a current fuselage with a joined wing configuration [9]. Other
recommendations include locating the ailerons outboard of the wing connectors,
placing the flap on the rear wing and the elevators on the front wing so that
trimming the wing also increases lift, do not use the canard for trim, pick airfoils
such that the rear wing produces the most lift possible when the front wing is
stalled, and finally, reduce sweep [11]. These recommendations were to help
stabilize and improve the flying qualities of a joined wing aircraft. While they may
be helpful for the design in Reference 11, they may not be the best for a different
design or mission, such as for this study.
As Compared to This Thesis
The main goal of this thesis is to determine if the range can be extended
with the joined wing configuration. Based on the literature, the range will indeed
be increased, especially when the model is in its positive stagger arrangement.
Other design considerations were made to the model to increase its range, such
as joining the wings at the tips and a high angle of sweep. According to the
literature, with these aspects, the modified, joined wing bomb should have no
problem outdistancing the bare model.
In most of the literature read the joined and single wing configurations
have the same span and wing area. This leads to different chords for the joined
wing and the single wing leading to a lower Reynolds number based on chord for
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the joined wing. In other studies the aspect ratios are equal. For this study,
since the same basic wings are used for both the single and joined
configurations, the spans will be equal in the same sweep family. Also, since the
chords are the same, the Reynolds numbers based on chord will also be equal in
the same sweep family. However, since the joined wing will have nearly twice
the area of the single wing, the aspect ratios will differ. The fact that the joined
wing will have that much more lifting surface should allow the joined wing to
outperform the single wing. Previous studies that have the same design
characteristics as this study - equal spans and chords between the joined and
single wing configurations -- can be directly compared. Otherwise, educated
adjustments will have to be made to relate the literature with the data obtained.
III. Methodology
Model
The models, shown in Figures 13-16, made of aluminum, has a fuselage
28.44 in. (0.72 m) long with a projected diameter of 2 in. (0.0508 m). There are
two sweep families - a 30° swept wing set and a 60° swept wing set. Sweep is
defined as the angle from the horizontal line perpendicular to the fuselage to the
wing. The weight, span, reference area, aspect ratios, and efficiency factors of
the various wing configurations in this study are presented in Table 1. The
weight did not vary between the curved joined wing connectors and the straight
joined wing connectors. The reference area is defined as the projected area for
the bare missile and the total wing planform area for the winged configurations.
The area of the connectors was not taken into account. The total area for the
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curved and straight connectors for the 60° swept joined wing is the same, 0.062
ft2. This is 22.7% the area of the reference area. The total area for the curved
and straight connectors for the 30° swept wing is also the same, 0.034 ft2. This
is 13.3 % the area of the reference area. The aspect ratios and efficiency factors
are calculated using equations or figures specific for each configuration that are
discussed later.
Table 1: Various Parameters of the Model Configurations

Bare Model
60° Swept Joined Wing
30° Swept Joined Wing
60° Swept Biplane
30° Swept Biplane
60° Swept Single Wing
30° Swept Single Wing

Weight

Span

6.81 Ibm
(3.09 kg)
7.63 Ibm
(3.46 kg)
7.56 Ibm
(3.43 kg)
7.44 Ibm
(3.37 kg)
7.46 Ibm
(3.38 kg)
7.12 Ibm
(3.23 kg)
7.14 Ibm
(3.24 kg)

N/A
9 in
(0.2286 m)
15.588 in
(0.396 m)
9 in
(0.2286 m)
15.588 in
(0.396 m)
9 in
(0.2286 m)
15.588 in
(0.396 m)

Reference
Area *
0.4 ff
(0.0372 m2)
0.275 ff
(0.0245 m2)
0.265 ff
(0.0239 m2)
0.275 ff
(0.0245 m2)
0.265 ff
(0.0239 m2)
0.1375 ff
(0.0124 m2)
0.133 ff
(0.012 m2)

Aspect
Ratio
N/A

Efficiency
Factor
N/A

4.5

1.45

7.79

1.2

4.5

0.676

7.79

0.613

9

0.222

15.58

0.098

"The area of the connectors are not taken into account.
The airfoil for all wings is a tear drop shape, shown in Figure 12. The
chord is 1 in (0.0254 m) for all wings. There was no twist in any of the wings.
There was no dihedral so the wing gap is the diameter of the fuselage -- 2 in
(0.0508 m). The wing connectors are mounted at an angle and are considered
winglets for computing the efficiency factor from Figure 9.

21

ROI in

i

0.5 in

Sff

0.5 in

R0.125 at

\— I in —I L 0.25 in

1-1 in—{ L0 2 in

Chord for 60° Swept Wing

Chord for 30° Swept Wing

Figure 12: Profiles for the 30° and 60° Swept Wing
For a visual understanding of the configurations see Figures 13-16.

Bare Missile

60° Swept Wings w/
Curved Connectors,
Positive Stagger

30° Swept Wings
w/ Straight
Connectors,
Positive Stagger

Straight
Connectors
Curved
Connectors

Figure 13: Smart Missile with Wing Components
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Figure 14: 60° Swept Joined Wing with Curved Connectors, Negative
Stagger

Figure 15: 30° Swept Joined Wing with Straight Connectors, Negative
Stagger
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30° Swept
Single Wing,
Forward of the
CG, Wings on
Bottom

30° Swept Single
Wing, Aft of the
CG, Wings on
Top

Figure 16: Single Wing Configurations
Equipment
The AFIT five-foot (1.5 m) diameter, subsonic wind tunnel, shown in
Figure 17, was used to test the various configurations of the joined wing model.
The missile model was mounted on a sting that could sweep through various
angles of attack. The forces were measured by a balance system. The balance
was inserted through the sting and shrouded by a metal cylinder to increase the
balance's diameter. The balance was directly pinned to the model once inserted
into the model. The electrical center of gravity of the balance coincides with the
center of gravity of the bare model. The forces experienced by the balance were
sent as a voltage to Labview. Labview, a software package that can be used to
write programs for calibration and data acquisition, then converted the voltages
into forces that are used to calculate the lift and drag.
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Figure 17: ART 5' Wind Tunnel
Calibration
The balance was calibrated by applying weights in each of the six degrees
of freedom and in both the positive and negative directions. The normal forces
were calibrated to 80 Ibf (355.96 N), side forces to 40 Ibf (177.93 N), roll
moments to 32 lbf-in (3.62 N-m), and axial force to 50 Ibf (222.41 N). The weight
with its corresponding voltage was recorded in Balcal - a program written in
Labview. The data was then taken into the program Curvefit to determine if the
balance was within acceptable parameters. All calibration curves achieved
approximately a 0.9999 correlation coefficient. Curvefit then provided a slope of
the voltage with weight line to be used in Calslop2. Calslop2 developed a volt-toforce matrix that was inserted into the data acquisition program, SB 1998. This
matrix contained the interaction sensitivities of the balance to the loading.
Test Plan
Low speed, incompressible wind tunnel testing was performed on twentyone configurations of the missile model. A new configuration was obtained by
interchanging the parts. Converting the positive stagger to a negative stagger
was achieved by turning the model 180°. Each configuration, specified in Table
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2, was tested at three speeds - 100 mph (44.7 m/s), 130 mph (58.1 m/s), and
tunnel maximum of 175 mph (78.2 m/s). During each run, the model was swept
through angles of attack from -4 deg to a tunnel maximum of 13 deg. Beyond 13
deg the back end of the sting system would hit the bottom of the tunnel wall.
Data was collected in 2-degree increments, except close to the stall angle where
data was taken at each degree until the tunnel maximum was reached. The lift,
drag, and pitching and rolling moments were determined for each configuration.
Computation of Parameters
There are a number of parameters that were calculated in this study.
Those are lift, drag, pitching and rolling moments, and range ratio. Since the
missile will more than likely fly at high speeds a compressibility analysis can be
extrapolated from the incompressible data obtained. The balance measures the
normal force forward and aft of the center of gravity, the side force on either side
of the center of gravity, the axial force and the rolling moment. Adding the two
normal forces measured gives the total normal force, or the summation of forces
in the body axis y-direction. Likewise, adding the two measured side forces
gives the total side force, or the summation of forces in the body axis x-direction.
It is from these measurements that the parameters are obtained.
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Table 2: Model Test Configurations
Bare Model
30° Sweep
Single Wing
Aft of CG
(Swept Forward)
Wings on Top
Wings on Bottom
Forward of CG
(SweptAft)
Wings on Top
Wings on Bottom
Biplane
Positive Stagger
No Joining Plate
Curved Joining Plate
Straight Joining Plate
Negative Stagger
No Joining Plate
Curved Joining Plate
Straight Joining Plate
60° Sweep
Single Wing
Aft of CG
^SweptJFoiward]i._
Wings on Top
Wings on Bottom
Forward of CG
(Swept Aft)
Wings on Top
Wings on Bottom
Biplane
Positive Stagger
No Joining Plate
Curved Joining Plate
Straight Joining Plate
Negative Stagger
No Joining Plate
Curved Joining Plate
Straight Joining Plate
Drag. The drag is the component of the force that is parallel to the
freestream velocity, as seen in Figure 18. However, the forces measured by the
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balance are body axis forces. Therefore, to calculate the drag, the body axis
forces must be transformed to the wind axis. This is done by:
D = Nsma + Acosa

(4)

where D is drag, N is the total normal force, A is the axial force and a is the angle
of attack.

Figure 18: Wind Axis and Body Axis Forces
Once the drag has been measured the drag coefficient can be obtained:

CD =

D
MpjrZS

(5)

where p«, is the freestream density, VM is the freestream velocity and S is the
reference area. See Table 1 for the reference areas of each configuration. The
total drag is also the sum of the induced drag and the profile drag. The profile
drag is typically obtained from experimental data. The induced drag, which is
drag due to lift from winged surfaces, can be calculated from:

C ■ =——

neAR
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(6)

where CL is the lift coefficient, e is the span efficiency factor, and AR is the
aspect ratio. The span efficiency factor used for the joined wings can be found in
Table 1. The efficiency factor for joined wings can be taken from Figure 9. For
swept single wing aircraft the efficiency factor is found by [19]:
(7)

e = 4.61(1 -0.045^ü6S)(cosAi£r13- 3.1

where ALE is the sweep angle and must be greater than 30°. The efficiency
factor for a biplane is given as [19]:
e=-

(8)
2

7

ju +2ajur + r

where \i is the ratio of the shorter span/longer span, r is approximately ratio of the
area of the shorter wing/area of the longer wing and a is the interference factor.
These values can be obtained from Figure 12.32 in Reference 19. The aspect
ratio for a single wing is given as:
(9)

AR =

where b is the span and S is the reference area. For a joined wing the aspect
ratio is, as cited in Reference 6,
re \
+ AR<

ARC
ART =■

(10)
■+1

AS'
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where ARF is the aspect ratio of the front wing, AFR is the aspect ratio of the rear
wing, SF is the area of the front wing, and SR is the area of the back wing.
Typically for a biplane, the aspect ratio is determined as:

AR = ^-

(11)

where b|0nger is the span of the longer wing and S is the total area of both wings
[19]. If Equation (11) is used for the biplanes in this study, the 30° swept wing
has an aspect ratio of 6.36 and the 60° swept wing a value of 2.05. This is a
huge deviation from the joined wing aspect ratio values in Table 1 considering
the only difference in this study between the joined wings and the biplanes was
the removal of the connectors. Therefore, Equation (10) was used to calculate
the aspect ratios for both the biplane and joined wing configurations.
The values for the aspect ratio and the efficiency factors given in Table 1
were evaluated using Equations (7) to (11) and Figure 9.
Lift. From Figure 18, one can see that the lift is perpendicular to the
freestream velocity and is in the wind axis. Again, the body axis forces must be
transformed into the wind axis. This gives lift as:
1 = JVcosa-^sino:

'

(12)

where N is the total normal force, A is the axial force and a is the angle of attack.
The lift coefficient can be found from:
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C,
'L = .

,_

\iipJLs

(13)

where p„ is the freestream density, V« is the freestream velocity and S is the
reference area. The lift coefficient can be used to calculate the induced drag
from Equation (6).
Pitching Moment. The pitching moment is found by calculating the
moment the individual normal forces produce on the center of gravity of the
model. This is given by:
M = Nxa + N2b

(14)

where a is the distance from the force Ni to the center of gravity and b is the
distance from the force N2 to the center of gravity. The moment coefficient is
found by:
CM=

^—

(15)

where p» is the freestream density, V» is the freestream velocity, S is the
reference area and c is the chord.
Rolling Moment. One of the items the balance detects is the rolling
moment. To determine the rolling moment coefficient, the following equation is
used:

CL1.= MlpjlSc
^V"
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(16)

where U is the rolling moment, p«, is the freestream density, V«, is the freestream
velocity, S is the reference area and c is the chord.
Range. The percentage increase, or decrease, in range that the joined
wing configuration can achieve over the single wing can be found by taking a
range ratio. Using Equation (3), the ratio is given as:

R

jw

C

Djw

Wx

c D„

wx

(17)

R

sw

which, given that both flight vehicles are flying the same mission, with the same
power plant and have the same initial/final weight ratio, can simplify to:
Rjw
R„„
sw

Ljw I Djw
L,JD
m
sw
sw,

(18)

where V» is the free stream velocity, C is the specific fuel consumption, Ljw is the
lift of the joined wing, D,jw is the drag of the joined wing, Lsw is the lift of the single
wing and, Dsw is the drag of the single wing. If the initial/final weight ratio is 1 for
either configuration, such as for a glider, Equation 3 can no longer be used and
alternative methods for a range ratio analysis must be used.
Compressibility Analysis. While the model is being tested at low air
speeds, the actual missile will more than likely be flying at higher velocities.
Because of this, many of the incompressible assumptions are no longer valid. In
order to get a feel for how the missile will fly in the compressible regime, it is
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possible to modify the data to accommodate the higher speeds. Prandtl and
Glauert developed a compressibility correction for inviscid flow over an airfoil.
This is given as:
C

£,0

(19)

where CL is the compressible lift coefficient, cLo is the incompressible lift
coefficient and IVL is the freestream Mach number. The compressible drag
coefficient can be found in the same way:
C

cD

Dfi

(20)

yfi^Ml
where CD is the compressible drag coefficient, CD0 is the incompressible drag
coefficient and M« is the freestream Mach number. The above equations start to
fall apart as the Mach number reaches 0.8 and then should no longer be used.
One thing the compressibility correction equation does relay readily is that the
compressible lift and drag coefficients will be larger than the incompressible lift
and drag coefficients. It should be noted, however, that this analysis is only
meant to be a first cut approximation for the behavior in compressible flow.
Actual testing in the compressible regime should be conducted.
Data Reduction. It is a given that the number obtained from the data
acquisition system are not the actual values that the model would experience
during flight. Therefore, the data must be modified to give the actual forces the
model is under.
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One of the major reductions that must be considered is tare. This is a
result of the model being on the sting. As the model is pitched, a portion of its
weight will show up in the balance readings. This especially affects the axial
readings. To subtract this value out, the model must be "flown" in the tunnel
under zero velocity and at each angle of attack that will be measured. These
values are then subtracted from those from the test. This effectively zeros out
the data. Because the model was so heavy -- 7.63 Ibm (3.46 kg) when fully
loaded - the tare values could be substantial. For the 60° swept joined wing
configuration, the tare in the axial direction ranged from 0.04 Ibf (0.178 N) at 0°
angle of attack to 1.88 Ibf (8.36 N) at 13° angle of attack. For this case, the tare
makes up 63% of the measurement at 13 angle of attack. If it had not been
subtracted out, the error at the higher angles of attack would be significant.
Because the model blocks a portion of the airflow, it causes the velocity to
increase over the model. As a result of this blockage, the velocity over the model
is no longer the freestream velocity measured upstream. Since the velocity is
part of the lift and drag coefficients, this change in velocity will modify them. To
account for this change the total blockage is given as:

1 model frontal area_ A V
t"74 test section
: area ^7
V

8

#^jt
v
(21

where et is the total blockage, AV is the change in freestream velocity, and V is
the freestream velocity. Included in the model frontal area are the model and the
sting system. The total blockage typically had a value around 0.005 for most
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configurations. The total blockage accounts for buoyancy effects. The
streamline curvature was not accounted for but is considered to be very small.
While the test section area is generally the size of the tunnel, it too must be
modified to account for boundary layer growth. For a flat plate in laminar flow,
which is used in this analysis since the tunnel has such a large diameter, the
displacement thickness is given as:

where x is the distance from the entrance of the tunnel to the test section, and
Rex is the Reynolds number based on the distance from the entrance of the
tunnel to the test section. The boundary layer, 5*, grew at most 1 in (0.0254 m).
Needless to say when taking the blockage and boundary layer growth into
account, the change in velocity is very small, less than 1%. However, taking
these two corrections into account reduces the error in the data.
Error Analysis. Kline and McClintock developed a method to determine
the uncertainty in one's data. This procedure is presented below and can be
found in Reference 20.
If the parameter is a function of independent variables Xi through xn,

R = R(xl,x2,x3,...,xn)
then the uncertainty of the parameter, wR, is a function of the uncertainty of each
of the independent variables, Wi, and the sensitivity of R to change each variable:
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(23)

WR =
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dx.

V

f dR
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(24)

To determine the uncertainty in the drag coefficient in this study, the basic
measurements must be inserted into the drag coefficient equation.

_ D
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cosa
(25)

qS

qS

where VNi is the voltage measured by the Ni component of the balance, VN2 is
the voltage measured by the N2 component of the balance and VA is the axial
component of the balance. The partial derivative of the drag coefficient with
respect to the independent variables, VNi, VN2, VA, and q, must then be taken
and are as follows:

8N,

ecn
dVA,

-sma
dV,
qS

dN,
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(26)
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The uncertainty analysis for the lift coefficient was performed in the same
way. Appendix A contains the actual numerical analysis for the drag coefficient.
IV. Results
With the tools established in Chapter 3, the data was analyzed to
determine the aerodynamic properties of the different configurations. The lift and
drag were found using Equations (5) and (12) for each angle of attack tested.
From these values the lift and drag coefficients were then calculated. Using the
lift and drag curves, the positive and negative stagger configurations were
compared first with each other and then within their sweep family. The lift and
drag relations curves for each sweep family are found on the next few pages.
See Figures 20-23. Table 3 contains the nomenclature found in the legends.
Typically, the negative stagger configurations outperformed its positive
stagger counterparts. This is contradictory to Reference 14. This could be
because of the model Reference 14 used for its negative stagger case. In their
model, the wings were connected to the tail, where in this study they are not.
See Appendix B for the graphs of each configuration.
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(29)

Table 3: Legend Notation
30 or 60bf curved
30 or 60tf curved
30 or 60bf straight

30° or 60° Swept Joined Wing with Curved Connectors,
Negative Stagger
30° or 60° Swept Joined Wing with Curved Connectors,
Positive Stagger
30° or 60° Swept Joined Wing with Straight Connectors,
Negative Stagger
30° or 60° Swept Joined Wing with Straight Connectors,
Positive Stagger
30° or 60° Swept Biplane, Negative Stagger
30° or 60° Swept Biplane, Positive Stagger
30° or 60° Swept Single Wing Located Aft of the CG,
Wings on Bottom
30° or 60° Swept Single Wing Located Aft of the CG,
Wings on Top
30° or 60° Swept Single Wing Located Forward of the CG,
Wings on Bottom
30° or 60° Swept Single Wing Located Forward of the CG,
Wings on Top

—————*im*———————*

30 or 60tf straight
30 or 60bf biplane
30 or 60tf biplane
30 or 60sin aft bot
30 or 60sin aft top
30 or 60sin for bot
30 or 60sin for top

——————mm-£^—————*

One thing to notice is that the lift and drag are directly proportional to the
velocity squared. As the velocity is increased the lift and drag increase
accordingly. This can be seen specifically in Figure 23 with the lift and drag
coefficients for the 60° swept joined wing with curved connectors with a negative
stagger. The lift and drag coefficients have the same values for a given angle of
attack regardless of velocity. This also shows excellent repeatability among the
tests.
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60bf biplane
60bf curved
60bf straight
60sin aft top
-*- 60sin for bot

a

60bf biplane
60bf curved
60bf straight
*- 60s in aft top
60sin for bot

(0

Figure 19: Comparison of the Lift and Drag Relations for the 60° Swept
Wings, Flown at 100 mph (44.7 m/s)
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30bf biplane
30bf curved
30bf straight
30sin aft top
30sin for bot

a

30bf biplane
30bf curved
-*-30bf straight
-*-30sin aft top
30 sin for bot

03

0

2

8

4

Lift (lb)
Figure 20: Comparison of the Lift and Drag Relations for the 30° Swept
Wings, Flown at 100 mph (44.7 m/s)
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♦—60bf biplane
60bf curved
60bf straight
-K-60sinafttop
-*-60sinforbot

15
a

-♦—60bf biplane
-■— 60bf curved
-A- 60bf straight
-X--60sinafttop
-*-60sinforbot

Figure 21: Comparison of the Lift and Drag Relations for the 60° Swept
Wings, Flown at 175 mph (78.2 m/s)
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Figure 22: Comparison of the Lift and Drag Relations for the 30° Swept
Wing, Flown at 175 mph (78.2 m/s)

42

100 mph
(44.7 m/s)
ü
■10

10

-0.2 0

20

130 mph
(58.1 m/s)
175 mph
(78.2 m/s)

a

0.25
100 mph
(44.7 m/s)

o
^

-0.5

0.5

0

130 mph
(58.1 m/s)
-±-175 mph
(78.2 m/s)

CL
Figure 23: Lift and Drag Relations of the 60° Swept Joined Wing with
Curved Connectors, Negative Stagger
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Upon analyzing Figures 20-23, it can be determined that the 60° swept
joined wing with curved connectors, negative stagger and the 30° swept biplane
were the better configurations in their sweep family. These configurations were
chosen because they produced the greatest overall lift. However, there are a
number of configurations that have nearly the same values as the chosen
configuration making it difficult to distinguish one configuration as the outstanding
choice. The chosen configurations are then compared with the bare missile in
Figure 24. From this figure it is apparent that the winged configurations produce
much more lift than the bare missile. In addition, the 30° swept biplane has a
good deal more lift than the 60° swept joined wing with curved connectors.
However, as a down side, the biplane does have significantly more drag.
Typically when trying to compare configurations, the lift and drag and pitch
and rolling moments are non-dimensionalized to produce a common ground for
comparison. This analysis was done for each configuration. These coefficient
curves can be found in Appendix B. The same procedure used to compare
configurations for the lift and drag relations was done for the lift and drag
coefficient relations. Each positive stagger configuration was compared to its
negative stagger counterpart. The better configuration was then stacked against
the rest of its sweep family. With the lift and drag coefficient relations are the
induced drag relations. The induced drag was calculated using Equation (6) with
the aspect ratio and efficiency factor values for a given configuration found in
Table 1. Figures 25-28 depict the result of this analysis.
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Figure 24: Lift and Drag Comparison of the Configurations, Flown at 175
mph (78.2 m/s)
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Figure 25: Comparison of the Lift and Drag Coefficient Relations for the
60° Swept Wings
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Figure 26: Comparison of the Drag Coefficient and Induced Drag Relations
for the 60° Swept Wings
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Figure 27: Comparison of the Lift and Drag Coefficient Relations for the
30° Swept Wings
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Figure 28: Comparison of the Drag Coefficient and Induced Drag Relations
for the 30° Swept Wings
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Looking at the lift and drag coefficients, it appears that the single wings
located forward of the CG with the wings on the bottom are slightly better than
their biplane counterparts in both sweep families. One explanation for this is the
inflation of their coefficients because of their smaller wing area -- half that of their
sweep family biplanes. With the area in the denominator in Equations 5 and 13,
it may be erroneously portraying the single wings as better. Correcting for aspect
ratio brings the single wing and the joined wing lines closer together and in some
cases switches which gives higher lift. As stated in earlier chapters, it is important
to keep track of how the joined wing and single wing are being compared. It may
be that maintaining equal spans within the same sweep family, as in this case, is
not the best method. Having equal areas or the same aspect ratio could be a
better approach. In any event, the coefficient analysis portrays the single wings
as being better configurations for lift shown in Figures 25 and 27.
One can notice in Figures 26 and 28 that the single wings in both sweep
families produce more drag, especially induced drag. The 30° and 60° sweep
biplanes produced the least amount of drag in each of their respective families.
While the joined wings experienced very small amounts of induced drag, as to be
expected, they did have a relatively high overall drag. This could be due to the
additional area of the connectors which increased the profile drag.
From the sweep family comparison graphs, the "best" configuration was
chosen in each sweep family. These configurations, along with the bare missile
data, were compared to determine an "ultimate" configuration. This can be seen
in Figure 29.

50

-bare
~60sinfor bot
-A--30sinforbot

ü

-0.5

0

1.5

0.5
CL

Figure 29: Lift and Drag Coefficient Comparison of the Configurations
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It appears that the 30° swept aft single wing located forward of the CG is
the better configuration for lift. This coincides with the recommendation by
Reference 11 to have a smaller sweep. However, the 60° swept single wing is not
far behind and tends to have better other properties, such as a lower drag and
more favorable pitch and roll curve. It must be kept in mind that the area and
span of the different swept wings are different. Therefore, because the 30° swept
single wing had a smaller sweep does not inevitably make it a better wing - it also
has a 0.6 in2 larger area.
Because the joined and single wing configurations are so drastically
different, the traditional comparison of the non-dimension lift and drag
coefficients may not be appropriate.
One other thing to note is that the type of connector does not appear to
make much of a difference. Neither joined wing configuration tends to really
outperform the other. Any difference in the curves between the two
configurations can be accounted for in the error band.
On a more general note, there are some basic trends that the
configurations follow when looking at the coefficient curves. All of these trends
can be found when looking at the figures in Appendix B. As stated before, the
different speeds flown line up with each other. This shows superb repeatability
among the runs. As typical for most negative stagger configurations tested, the
stall point was not found - the curve continues upward. Conversely, the positive
stagger configurations, specifically those in the 30° sweep family, have a distinct
stall point. The curves in the lift to drag graphs for all configurations have the
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traditional "bucket" shape. This shows excellent correlation with historical
findings. It is ideal to have a pitching moment graph with a negative slope that
allows the negative angles to pitch up and the higher positive angles to pitch
down. Unfortunately, this was not the case for all configurations. Some of the
60° swept wings with positive stagger continually pitch down. This causes
interesting stability issues. The single wing configuration placed aft of the CG
with wings on top had a very steep negative slope. While the slope is in the
desired direction, the steepness indicates an extreme pitch can occur. The pitch
was measured about the electrical center of gravity of the balance, which
coincides with the center of gravity of most of the configurations. In the case of
the single wings, the missile center of gravity shifts from the electrical center of
gravity as much as 0.25 in (0.635 cm), potentially causing the readings to be
skewed. This could be one explanation as to why the single wings, especially,
tend to pitch severely. This instability could be a deciding factor in choosing one
configuration over another. All of the configurations besides the bare missile
show some rolling moment. This could be related to the slight vibration during
testing or to an off centering of the model when assembled. The amount of roll
appears to be rather insignificant in most cases.
One final form of comparison is the range ratio, or essentially the ratio of
lift to drag. See Equation (18). A lift of 0.7liftmax was taken with its corresponding
drag. In some cases, especially with the 30° swept wings in positive stagger,
there was a clear stall point and that lifW used. For the rest of the
configurations, the highest lift recorded was used. This produces some error in
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the range ratios in Table 4. It may be that some configurations will outperform
others at higher angles, giving them a better range ratio. For now, Table 4 gives
the range ratios for all of the configurations as compared to each other. The
range of the configurations across the top is divided by the range of the
configurations along the left-hand side. Based on this analysis, the 60° swept
biplane performs the best with a 76% increase in range over the bare missile.
However, many configurations are within 5% of the biplane, including a few of the
single wings.
One other aspect to look at is the fact that the missile will more than likely
fly in the compressible regime around Mach 0.7. The Mach number in this study
did not exceed 0.23 which is within the incompressible range. While no actual
tests were conducted in the compressible regime, it is believed that Equations
(19) to (20), the equations that convert incompressible values into compressible
estimates, will give a good prediction of the lift and drag coefficients at the higher
Mach numbers. For this study, the lift and drag coefficients could increase
approximately 70% based on a Mach of 0.7. Keep in mind that while this
increase is good for the lift, it is also increasing drag, which is typically a bad
thing.
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The final analysis to be discussed is error. Inherent in data collection is
some degree of error. Obtaining the smallest error possible will add to the
reliability of the data. Upon conducting the error analysis discussed above using
the 60° sweep joined wing with straight connectors, the best error calculated was
3.7% for the drag coefficient and 2.8% for the lift coefficient, shown in Figure 30.
The error bands are approximately the size of the data point markers. This was
using data received during the 175 mph (78.2 m/s) test. As the speed was
reduced the error increased. The error bands for the 100 mph (44.7 m/s) test
overlap the 175 mph (78.2 m/s) error bands, further proving the reliability of this
data. With the small error percentage, it is with confidence that the conclusions
are presented.
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Figure 30: Error Analysis of the Lift and Drag Coefficients of the 60° Sweep
Joined Wing with Straight Connectors, Negative Stagger
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V. Summary
The main thrust of this study was to determine if adding a wing kit,
specifically a joined wing system, would increase the range of a smart bomb. It
can be maintained that adding wings will increase the range in some cases over
30%. It is not conclusive from this study which configuration is the best. There is
no one system that overwhelmingly stands out in any of analysis conducted.
Also, there was a different "best" configuration in each of the three comparison
analyses. Further research must be conducted to determine if a joined wing
configuration is the most beneficial system. It is recommended that a future
study be conducted where all configurations have the same reference area.
Currently there are too many variables to be able to make secure conclusions.
For instance, one cannot conclude which sweep is better because they have
differing reference areas. Therefore, it can not be determined if it is the sweep or
the area that is making the difference. Future studies will need more design
consideration and reduction of variables to produce results that are more reliable
and conclusive.
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Appendix A
The error in the drag coefficient calculations can be found using Equations
(25-29). The actual numbers used are located on the following page.
The first three columns are the voltages sensed by the balance in the Ni,
N2 and axial gages, respectively, for a given angle of attack. The fourth and fifth
columns are the angle of attack in degrees and radians, respectively. The sixth
column is the calculation of Equation (26); the seventh is the calculation of
Equation (27); the eighth is the calculation of Equation (28); and the ninth column
is the calculation of Equation (29). Column ten is the summation of the squares
of columns six through nine. Column eleven is the square root of column ten and
is the uncertainty of the drag coefficient. In column twelve is the calculated drag
coefficient for a given angle of attack. The final column, thirteen, gives the
percent error of the drag coefficient. Despite the fact that angle of attack can be
found in the error equations, as the angle of attack increases, the percent error
decreases. This is because the drag coefficient becomes much larger at the
greater angles quicker than the angle of attack can affect the value of the
uncertainty. Comparing the larger drag coefficients to essentially the same
uncertainty as those found at the lower angles of attack produce smaller errors.
The error also increases significantly as the velocity decreases.
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Appendix B
The following pages contain the lift and drag coefficient relations and the
pitch and roll coefficient relations for all of the configurations tested.
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Figure 31: Lift and Drag Relations of the Bare Missile
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Figure 32: Lift and Drag Relations of the 60° Swept Joined Wing with
Curved Connectors, Negative Stagger

66

100 mph
(44.7 m/s)

2

ü

130 mph
(58.1 m/s)
-±-175 mph
(78.2 m/s)

-0.5 0

a

ü

-10

20

-0.1

100 mph
(44.7 m/s)
130 mph
(58.1 m/s)
-*-175 mph
(78.2 m/s)

a
Figure 33: Pitch and Roll Relations of the 60° Swept Joined Wing with
Curved Connectors, Negative Stagger

67

100 mph
(44.7 m/s)

ü

130 mph
(58.1 m/s)
-±-175 mph
(78.2 m/s)

a

100 mph
(44.7 m/s)

Q

ü

-0.5

0.5

0

130 mph
(58.1 m/s)
-ä-175 mph
(78.2 m/s)

CL
Figure 34: Lift and Drag Relations of the 60° Swept Joined Wing with
Curved Connectors, Positive Stagger
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Figure 35: Pitch and Roll Relations of the 60° Swept Joined Wing with
Curved Connectors, Positive Stagger
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Figure 36: Lift and Drag Relations of the 60° Swept Joined Wing with
Straight Connectors, Negative Stagger
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Figure 37: Pitch and Roll Relations of the 60° Swept Joined Wing with
Straight Connectors, Negative Stagger
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Figure 38: Lift and Drag Relations of the 60° Swept Joined Wing with
Straight Connectors, Positive Stagger
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Figure 39: Pitch and Roll Relations of the 60° Swept Joined Wing with
Straight Connectors, Positive Stagger
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Figure 40: Lift and Drag Relations of the 60° Swept Biplane, Negative
Stagger
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Figure 41: Pitch and Roll Relations of the 60° Swept Biplane, Negative
Stagger
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Figure 42: Lift and Drag Relations of the 60° Swept Biplane, Positive
Stagger
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Figure 43: Pitch and Roll Relations of the 60° Swept Biplane, Positive
Stagger
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Figure 44: Lift and Drag Relations of the 60° Swept Single Wing Located
Aft of the CG, Wings on Bottom
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Figure 45: Pitch and Roll Relations of the 60° Swept Single Wing Located
Aft of the CG, Wings on Bottom
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Figure 46: Lift and Drag Relations of the 60° Swept Single Wing Located
Aft of the CG, Wings on Top

80

100 mph
(44.7 m/s)

ü

130 mph
(58.1 m/s)
-ä—175 mph
(78.2 m/s)

a

100 mph
(44.7 m/s)
130 mph
(58.1 m/s)
-A—175 mph
(78.2 m/s)

a
Figure 47: Pitch and Roll Relations of the 60° Swept Single Wing Located
Aft of the CG, Wings on Top
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Figure 48: Lift and Drag Relations of the 60° Swept Single Wing Located
Forward of the CG, Wings on Bottom
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Figure 49: Pitch and Roll Relations of the 60° Swept Single Wing Located
Forward of the CG, Wings on Bottom
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Figure 50: Lift and Drag Relations of the 60° Swept Single Wing Located
Forward of the CG, Wings on Top
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Figure 51: Pitch and Roll Relations of the 60° Swept Single Wing Located
Forward of the CG, Wings on Top
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Figure 52: Lift and Drag Relations of the 30° Swept Joined Wing with
Curved Connectors, Negative Stagger
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Figure 53: Pitch and Roll Relations of the 30° Swept Joined Wing with
Curved Connectors, Negative Stagger
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Figure 54: Lift and Drag Relations of the 30° Swept Joined Wing with
Curved Connectors, Positive Stagger
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Figure 55: Pitch and Roll Relations of the 30° Swept Joined Wing with
Curved Connectors, Positive Stagger
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Figure 56: Lift and Drag Relations of the 30° Swept Joined Wing with
Straight Connectors, Negative Stagger
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Figure 57: Pitch and Roll Relations of the 30° Swept Joined Wing with
Straight Connectors, Negative Stagger
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Figure 58: Lift and Drag Relations of the 30° Swept Joined Wing with
Straight Connectors, Positive Stagger
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Figure 59: Pitch and Roll Relations of the 30° Swept Joined Wing with
Straight Connectors, Positive Stagger
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Figure 60: Lift and Drag Relations of the 30° Swept Biplane, Negative
Stagger
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Figure 61: Pitch and Roll Relations of the 30° Swept Biplane, Negative
Stagger
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Figure 62: Lift and Drag Relations of the 30° Swept Biplane, Positive
Stagger
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Figure 63: Pitch and Roll Relations of the 30° Swept Biplane, Positive
Stagger
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Figure 64: Lift and Drag Relations of the 30° Swept Single Wing Located
Aft of the CG, Wings on Bottom
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Figure 65: Pitch and Roll Relations of the 30° Swept Single Wing Located
Aft of the CG, Wings on Bottom
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Figure 66: Lift and Drag Relations of the 30° Swept Single Wing Located
Aft of the CG, Wings on Top
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Figure 67: Pitch and Roll Relations of the 30° Swept Single Wing Located
Aft of the CG, Wings on Top
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Figure 68: Lift and Drag Relations of the 30° Swept Single Wing Located
Forward of the CG, Wings on Bottom
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Figure 69: Pitch and Roll Relations of the 30° Swept Single Wing Located
Forward of the CG, Wings on Bottom
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Figure 70: Lift and Drag Relations of the 30° Swept Single Wing Located
Forward of the CG, Wings on Top
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Figure 71: Pitch and Roll Relations of the 30° Swept Single Wing Located
Forward of the CG, Wings on Top
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